Mercurian lobate scarps are interpreted to be the surface expressions of thrust faults formed by planetary cooling and contraction, which deformed the crust down to the brittle-ductile transition (BDT) depth at the time of faulting. In this work we have used a forward modeling procedure in order to analyze the relation between scarp topography and fault geometries and depths associated with a group of prominent lobate scarps (Santa Maria Rupes and two unnamed scarps) located in the Kuiper region of Mercury for which Earth-based radar altimetry is available. Also a backthrust associated with one of the lobate scarps has been included in this study. We have obtained best fits for depths of faulting between 30 and 39 km; the results are consistent with the previous results for other lobate scarps on Mercury.
a b s t r a c t
Mercurian lobate scarps are interpreted to be the surface expressions of thrust faults formed by planetary cooling and contraction, which deformed the crust down to the brittle-ductile transition (BDT) depth at the time of faulting. In this work we have used a forward modeling procedure in order to analyze the relation between scarp topography and fault geometries and depths associated with a group of prominent lobate scarps (Santa Maria Rupes and two unnamed scarps) located in the Kuiper region of Mercury for which Earth-based radar altimetry is available. Also a backthrust associated with one of the lobate scarps has been included in this study. We have obtained best fits for depths of faulting between 30 and 39 km; the results are consistent with the previous results for other lobate scarps on Mercury.
The so-derived fault depths have been used to calculate surface heat flows for the time of faulting, taking into account crustal heat sources and a heterogeneous surface temperature due to the variable insolation pattern. Deduced surface heat flows are between 19 and 39 mW m À 2 for the Kuiper region, and between 22 and 43 mW m À 2 for Discovery Rupes. Both BDT depths and heat flows are consistent with the predictions of thermal history models for the range of time relevant for scarp formation.
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Introduction
The most representative tectonic features of Mercury are lobate scarps, which are characterized by a steeply rising scarp face, a gently declining back scarp and a trailing syncline (Strom et al., 1975; Cordell and Strom, 1977; Melosh and McKinnon, 1988; Watters et al., 2001, Watters and Nimmo, 2010) , and were mostly formed in the Tolstojan and Calorian periods (Watters and Nimmo, 2010) , corresponding to an age between 3.2 and 4 Gyr (e.g., Tanaka and Hartmann, 2008) . Lobate scarps are interpreted to be the surface expressions of thrust faults formed by planetary cooling and contraction (e.g., Strom et al., 1975) and estimates of their depth of faulting suggest that they deformed the crust down to the brittleductile transition (BDT) depth at the time of fault formation, providing important clues about the geological and thermal history of Mercury (Watters et al., 2002; Nimmo and Watters, 2004) . Watters et al. (2002) obtained a depth of faulting of 35-40 km for Discovery Rupes, a prominent lobate scarp imaged by Mariner 10, using a forward modeling procedure for fitting the topography above a thrust fault to stereographically deduced topography. Recently, Ritzer et al. (2010) obtained a depth of faulting of 35 km for two lobate scarps located near the equator using a similar procedure and a topographic profile deduced from the Mercury Laser Altimeter (MLA) onboard the MESSENGER spacecraft. The so-obtained depths of faulting provide constraints on the mechanical and thermal properties of the lithosphere at the time when the lobate scarps were formed (e.g., Schultz and Watters, 2001; Grott et al., 2007; Ruiz et al., 2008) . Watters et al. (2002) deduced surface heat flows of 10-43 mW m À 2 from the depth of faulting beneath Discovery Rupes using a linear thermal gradient and assuming a wide range of temperatures at the BDT. Nimmo and Watters (2004) derived an upper limit of 50 mW m À 2 for the mantle heat flow using the BDT depths calculated by Watters et al. (2002) , a strength envelope procedure and considering heat generation within the crust. The obtained BDT depths and heat flows can be compared with predictions from thermal history models (e.g., Hauck et al., 2004; Williams et al., 2011) prominent lobate scarps located in the Kuiper region of Mercury for which Earth-base radar topographic profiles are available (Harmon et al., 1986) : Santa Maria Rupes and two unnamed lobate scarps referred to as S_K3 and S_K4 scarps. Calculations of surface heat flow have been performed from the BDT depth beneath these lobate scarps (and beneath Discovery Rupes for comparison) by assuming heat sources homogeneously distributed in the crust. Crustal heat sources abundances are based on preliminary surface measurements of Th and K performed with the MESSENGER Gamma-Ray Spectrometer (GRS) (Peplowsky et al., 2011) . Indeed, previous works have pointed out the importance of taking into account crustal heat sources in this kind of calculations, since the obtained surface heat flow increases with the proportion of heat sources within the crust (Ruiz et al., 2006 (Ruiz et al., , 2009 . Finally, we discuss the implications of our results for the history of Mercury.
Topographic profiles
Santa Maria Rupes (3.51N, 191W) , and the scarps S_K3 (10.31N, 131W) and S_K4 (41N, 151W) are three lobate scarps situated in the same region of the Kuiper's quadrangle. These three lobate scarps have similar features: all of them are over 200 km long, have a relief of $ 700 m and the associated thrust faults dip to the west ( Fig. 1a and b) . To the west of the S_K4 scarp we identify another structure, which runs parallel. Offset of the walls and floors of transected impact craters suggest that this structure is also a thrust fault (Fig. 2) , which dips to the east and is $ 200 km long, and could be a backthrust associated with the S_K4 scarp. Topographic profiles across these three scarps have been derived by applying the delay-Doppler method to the data obtained from the Arecibo antenna in the period 1978 -1984 (Harmon et al., 1986 . These authors collated overlapping profiles and averaged them over 0.151 longitude bins to produce a single profile with surface resolutions of 0.151 and 2.51 in longitude and latitude, respectively (i.e., 6.4 Â 106 km). The altitude resolution of the topographic profiles is variable, usually lower than 50 m for the S_K3 scarp, $ 100 m for the S_K4 scarps, but very variable for Santa Maria Rupes, with resolutions ranging from $ 50 to $ 400 m. Fig. 1a and b shows our four faults and the locations of topographic profiles used in the model. The topographic profile across the S_K3 scarp, A-A 0 , is situated between 12.01W, 10.41N and 17.11W, 10.01N; Santa Maria Rupes and the S_K4 scarp are crossed by a profile, B-B 0 , located between 14.41W, 3.91N and 21.61W, 3.91N. Topographic profiles across Santa Maria Rupes, and the S_K4 and S_K3 scarps exhibit a regional slope towards the west. The origin of this slope is beyond the scope of this work, so we filter the regional slope to obtain detrended topography, which is used for forward modeling. Inspection of the topography suggests that a simple linear detrending is sufficiently accurate in this case. The topographic profile across Santa Maria Rupes shows a small impact crater in the back of the lobate scarp. This crater produces a low area, postdating fault, in the back of the scarp. To obtain the fault geometry we have restored crater effects and the low area has not been considered.
Depth of faulting
In this section we use the topographic profiles described in the previous section and a forward modeling procedure to analyze fault displacements, dip angles and depths of faulting of the analyzed lobate scarps. We use the mechanical dislocation program Coulomb (Lin and Stein, 2004; Toda et al., 2005 ; available online at http:// earthquake.usgs.gov/research/modeling/coulomb/download.php) to predict the surface displacement associated with faulting. This program has been previously used to study thrust faults beneath lobate scarps on Mars (Schultz and Watters, 2001; Ruiz et al., 2008) and Mercury (Watters et al., 2002) .
Coulomb models the lithosphere assuming an elastic homogeneous and isotropic half-space. A range of significant parameters such as dip angle, vertical depth of faulting, magnitude and sense of offset along the fault and elastic constants are specified in the model. Then the material displacements are determined and comparison of the topographic profiles with the predicted topography above a given fault allows us to identify a narrow range of admissible fault dips, depths and displacements.
For the values of the elastic parameters, we assumed Young's modulus of 100 GPa and Poisson's ratio of 0.25 (Hauck et al., 2004) . Reasonable variations in these parameters do not produce significant variations in the results (see also Watters et al., 2002; Grott et al., 2007; Ritzer et al., 2010) .
Different profile orientations across a fault result in different cross-sectional surface topographies. The width of a lobate scarp is especially sensitive to the orientation of the profile relative to the scarp's strike and can introduce error into the estimate of the faulting depth. For this reason, we have used a geographic information system (GIS) to account for the relative positions between the profile used and the modeled faults. Coulomb provides an output that let us calculate the simulated coordinates of a grid of points in the area where the fault is placed. These coordinates can be introduced in a GIS and we can use its tools to obtain the topographic profile with the required orientation. We have used a sinusoidal projection to avoid distortion, as our area of interest is small and placed near the equator. The predicted topography is also influenced by the distribution of relative displacement along the fault. Here we use an elliptic tapered slip distribution, with a linear taper to within 10 km of faults tips to avoid stress singularities (Schultz and Watters, 2001; Ruiz et al., 2008) .
Best fits are determined by calculating the L 2 -norm of the difference between measured and simulated topography. L 2 -norm is defined as
where f(x) and g(x) are the observed and simulated profiles, respectively; a and b are the boundaries of the topographic profiles. In order to measure the difference between profiles, we perform a numerical integration discretizing the profile in k points n i and we divide by the total length of the profile L¼n k À n 1 to normalize the norm. We obtain the expression:
where R i is the difference between the observed and modeled topography at the point n i . Our results are summarized in Table 1 . The best fits to the topography across Santa Maria Rupes are obtained using depth of faulting of 36-39 km, fault dip angle of 281-321 and displacement 1.0-1.1 km. In these ranges of values we have found combinations of parameters that provide modeled profiles with similar, low error values. Fig. 3 shows the topographic profile and modeled profiles belonging to the solution range. Changing the fault geometry to a listric shape leads to unacceptable fits. Elastic dislocation modeling of the primary structure in S_K4 Rupes neglecting the backthrust suggests a depth of faulting of 37-40 km, a dip angle of 431-531 and a displacement of 0.9-1.0 km. However, dip angles above 451 are unexpected in thrust faults (Turcotte and Schubert, 2002) . By including a backthrust in the model errors are reduced, and dip angles in agreement with typical thrust faults are obtained. The fault beneath scarp S_K4 including the backthrust is best fit by models with displacements of 1.0-1.1, dip angles 401-441 and depths of faulting 30-36 km (Fig. 3) . The backthrust is a fault with an upper edge between 0 and 0.5 km deep and fault depths of 10-15 km, dip angles of 181-251 and displacement of 0.9-1.0 km. The best fits for S_K3 are obtained for displacements of 1.0-1.2 km, dip angles of 221-281 and depth of faulting of 33-38 km (Fig. 4) . The radar profile across the S_K3 scarp is relatively symmetric, whereas lobate scarps are usually asymmetric in cross-section (Strom et al., 1975; Watters et al., 2001; Watters and Nimmo, 2010) ; this could indicate complex fault geometry beneath the S_K3 scarps. Because of this symmetric profile, even lower error values provide unacceptably poor fits to the topography. Therefore, this method has not been used in this fault and best matches have been qualitatively estimated.
Summarizing, we obtain best fits to the observed topographies of lobate scarps in the Kuiper region of Mercury for thrust fault depths of 30-39 km. This result is consistent with the depth of faulting of 35-40 km obtained by Watters et al. (2002) for Discovery Rupes, and of 35 km obtained by Ritzer et al. (2010) for two unnamed lobate scarps located near the equator at 59.31E and 64.71E.
Heat flow
Thrust faults beneath lobate scarps are considered to deform the entire brittle crust, and therefore the temperature at the BDT depth (T BDT ) can be estimated from the temperature dependence of ductile strength by equating the brittle and ductile strength for the depth z¼z BDT (where z BDT is the depth to the brittle-ductile transition). The brittle strength is calculated for zero pore pressure according to
where r is the density, g is the acceleration due to the gravity (3.7 m s À 2 for Mercury), z is the depth and a is a coefficient depending on the stress regime (which is 3 for pure compression, appropriate for thrust faulting; e.g., Ranalli, 1997) . The ductile strength is given by
where _ e is the strain rate, A and n are laboratory-determined constants, Q is the activation energy of creep, R¼8.31447 J mol À 1 K À 1 is the gas constant and T is the absolute temperature. Recent MESSENGER observations suggest that a considerable fraction of the crust of Mercury had a volcanic origin (Head et al., 2008; Denevi et al., 2009 ), therefore, we use a crustal density of 2900 kg m À 3 and the flow law of dry Maryland diabase for creep parameters, which are n c ¼4.7, Q c ¼485 kJ mol À 1 and A c ¼8 MPa À 4.7 s À 1 (Mackwell et al., 1998) . Strain rates used in our calculations are 10 -16 s À 1 , which is a characteristic value for active terrestrial plate interiors (e.g., Tesauro et al., 2007) , and 10 -19 s À 1 , a typical value for thermal contraction on terrestrial planets (e.g., Schubert et al., 1988) .
The estimation of T BDT permits the calculation of the surface heat flow. Previous studies have shown that taking into account crustal heat sources increases the obtained surface heat flows (Ruiz et al., 2006 (Ruiz et al., , 2009 ). Here we assume homogeneously distributed crustal heat sources since heavy cratering should have contributed to mixing the upper crust, and for this reason we use a constant value for the heat production rate. The surface heat flow is then given by
where k is the thermal conductivity of the crust, T s is the surface temperature and H is volumetric heat production rate. We use a thermal conductivity of 2 W m À 1 K À 1 for the entire crust, a value appropriate for basaltic rocks and for a wide variety of Earth crustal rocks at temperatures of several hundreds of degrees centigrade (e.g., Beardsmore and Cull, 2001; Bonner et al., 2003) . The volumetric heating rate depends on both the amount of heat producing elements and time before present. In our calculations we use a range of time between 3.2 and 4 Ga, the time period of lobate scarp formation. We adopt thorium and potassium abundances of 0.5-1.9 ppm and 460-1140 ppm, respectively, preliminary values obtained from MESSENGER GRS data (Peplowski et al., 2011) , and we estimated U abundance by assuming the chondritic Th/U ratio of 3.6 (Morgan and Anders, 1980; Taylor and Scott, 2005) . Therefore, the used crustal heat production rates range between 1.7 Â 10 -4 and 8.7 Â 10 -4 mW m À 3 at the time of scarp formation. The distribution of surface temperatures on Mercury is heterogeneous primarily due to the coupled spin-orbit resonance and relatively high eccentricity ( $ 0.2) resulting in a strong longitudinal and latitudinal dependence on insolation (see Mitchell and de Pater, 1994; Vasavada et al., 1999; Aharonson et al., 2004) . We take into account this effect by assuming a surface temperature of 435 K, a value representative for the location of the three scarps studied here after the present-day surface temperature model of Vasavada et al. (1999) . . For comparison, we have calculated a surface heat flow of 22-43 mW m À 2 for Discovery Rupes following the same procedure but using z BDT ¼35-40 km (Watters et al., 2002) and T s ¼365 K (according to the present-day surface temperature model of Vasavada et al. (1999) for Discovery Rupes' location). Thus, heat flows do not show significant differences between the region of Discovery Rupes and the region studied here. These results are similar to those obtained by employing heat dissipation rates based on compositional models. Surface heat flows obtained using heatproducing elements abundances derived from compositional models (based on late-stage silicate vaporization, condensation and CI chondritic compositions; see Hauck et al. (2004) for details on heat-producing elements abundances in compositional models) are between 16 and 29 mW m À 2 when usual crustal enrichment factors of 1-4 are applied (see Williams et al., 2011) . Our results agree with, although are substantially more restrictive than those found by Watters et al. (2002) , 10-43 mW m À 2 , though these authors used linear thermal gradients. This is because they used high values of conductivity (3-4 W m
) and assumed a wider range of T BDT values (300-600 1C).
In addition, our surface heat flow estimations can be used to place constraints on the thickness of the mercurian crust (Ruiz et al., 2008 (Ruiz et al., , 2009 . If the crustal heat production rates assumed previously are representative for the bulk of the crust, then crustal contribution to the surface heat flow is given by multiplying H by the crustal thickness, and therefore an upper limit on the crustal thickness is imposed by the condition of non-negative mantle heat flow. This upper limit is increased for higher strain rates and lower heat production rates. Thus, we conclude that the maximum permitted crustal thickness is 163 km, and 64 km if we use the average value of H, 5.2 Â 10 -4 mW m À 3 (Fig. 6) . Our results are consistent with crustal thickness o100 km obtained by Smith et al. (2010) from geodetic estimates, and with the maximum crustal thickness (o140 km) calculated by Nimmo and Watters (2004) from fault depth estimates and the absence of melting at the base of the crust.
Discussion and conclusions
The depth of faulting obtained for three different regions of Mercury by Watters et al. (2002) , Ritzer et al. (2010) and the present work are similar ranging between 30 and 40 km. This could be indicative of a relatively homogeneous depth for the BDT at the time when the lobate scarps were formed. However, the heterogeneous insolation pattern on the surface of Mercury should induce, for a given time, differences in lithospheric strength and BDT depth depending on latitude and longitude (Williams et al., 2011) , even for an evenly distributed mantle heat flow and crustal thickness. The difference in surface temperature between the location of the scarps in the Kuiper region and that of Discovery Rupes (currently about $70 K according to the temperature model of Vasavada et al., 1999) would imply a slightly shallower BDT depth for the former, although our results do not have sufficient resolution to clearly reveal this difference. Alternatively, the formation of the scarps analyzed in the three regions might not have been contemporaneous, and therefore not indicative of the BDT depth at a single period of time.
Our results are consistent with the predictions of thermal history models for the range of time relevant for scarp formation. The obtained BDT depths for the Kuiper region are roughly consistent with predictions for an equatorial hot pole (T s ¼ 427 K) from the model of Williams et al. (2011) with dry diabase and dry olivine rheologies for the crust and mantle, respectively. Similarly, our surface heat flow values are consistent with $20-30 mW m À 2 derived by Hauck et al. (2004) from a thermo-chemical evolution model in a formational scenario dominated by condensation processes. Our values also overlap with the values calculated, for the period relevant for lobate scarp formation, using the thermal history model of Williams et al. (2011) and HPE abundances based on silicate vaporization, condensation and CI chondritic compositions model ( Table 2 ). The model tracks the changes in the mantle temperatures over time resulting from the internal heating from the radioactive decay of HPE, and the exchange of heat across the conductive boundary layers of the core-mantle boundary and the stagnant lid. The model accounts for variations in stagnant lid thickness that develop from the heterogeneous average near-surface temperatures predicted by Vasavada et al. (1999) , which results in lateral BDT depth variations. Details of the model can be found by Williams et al. (2007 Williams et al. ( , 2011 and references therein. The incompatible radiogenic elements are the primary source of heat generation in the crust and mantle and their concentration and distribution will influence heat flow within the lithosphere. Due to their affinity to melt, they will be preferentially concentrated in the crust and we show surface heat flow results in Table 2 for two end-member cases: all HPE partitioned into the crust and equal concentrations in the mantle and crust.
On the other hand the uncertainty in topography resolution could affect our results, somewhat expanding the range of acceptable results. Whereas the vertical resolution is good for the S_K3 and S_K4 scarps; uncertainties are larger for Santa Maria Rupes. However, as above noted, the profile across Santa Maria Rupes was modified in order to eliminate an impact crater in the back of the lobate scarp, which postdates scarp formation. Thus, we consider our results for Santa Maria Rupes less robust.
Future observations by the MESSENGER and BepiColombo missions will provide the necessary information about Mercury, to allow for improved constraints on the compositional and mechanical properties of the lithosphere, as well as their temporal and regional variations, that will result in furthering our understanding of the thermal evolution of this planet. Table 2 Heat flow for the Kuiper and the Discovery Rupes regions calculated after the thermal history model methodology described by Williams et al. (2011) for several composition models for Mercury (see Hauck et al., 2004 
